especially by the study of the synthesis of hemin. One of them was a clue of studies to clarify the nature of direct and indirect bilirubins, and hereafter studies on the metabolism of bile pigments and the process of color reaction of urobilinogen have been developed. The other study became the basis of discovery on an enzyme system which involved in the opening of a protoporphyrin ring of heme and the forming of bile pigments, and serve with studies of non-enzymatic decomposition of heme to speculate the chemical structure of hemosiderin.
In 1935, H. Fischer and H.V. Haberland proved by the elementary analysis of crystals of final products that bilirubin molecules were hydrolysed at the central methylene bridges into two isomers of vinylneo(isoneo)-xanthobilirubinic acid owing to the asymmetry of /3-side chain, and diazonium salts reacted at their terminal methenyl groups to form bilirubin-azo pigments. Therefore, the disparity between direct bilirubin and indirect bilirubin is due to the difference of hydrolysis by diazo reagents, namely the stability of the central methylene bridge. Direct bilirubin is hydrolysed at the central methylene bridge owing to its lability, while indirect bilirubin is not hydrolysed owing to the stability of the methylene bridge. Bilirubin molecule is the linkage of four pyrrole nuclei combined by two a-methenyl carbons and a. a-methylene carbon and the central bridge is a methylene group. The reaction of a-side chain of the pyrrole ring is strongly affected by the nature of just adjacent /3-side chain, hence the reaction of methylene group combining the second and the third pyrrole nucleus at a-carbon, namely that of the methylene group of the side chain commonto these two pyrrole nuclei, is affected by the nature of propionic acid located symmetrically at /3-carbon. As this compound is an organic acid, the nature changes only when it is transformed into ester or salt. As indirect bilirubin is a dibasic acid, direct bilirubin must be an ester or a salt of indirect bilirubin. Therefore, direct bilirubin is transformed into indirect bilirubin, partly by the addition of hydrochloric acid and entirely by the saponification with 5% methanolic potash. direct bilirubin were isolated by the use of silica gel column chromatography from chloroform solution of the bile which is dried with the gall bladder. Direct bilirubin is divided into several types. Direct bilirubin of glucuronide type is bilirubin ester of glucuronic acid. Indirect bilirubin shows the positive reaction for the diazo test by alcohol and caffeine, and the nature of bilirubin-azo pigments by alcohol is different according as methanol and ethanol and bilirubin-azo pigments by caffeine move easily from chloroform to alkaline medium as the nature of caffeine. If caffeine solution is used as a developing solvent in paper chromatography, indirect bilirubin applied at a spot develops to a Rf value of 0.9 and shows the direct diazo reaction but it does not occur with water alone. Therefore, both alcohol and caffeine seem to form molecular compoundswith bilirubin and convert it to direct one. Besides, bilirubindimethylester by diazomethane, alkaline salt of bilirubin, and compounds with acid, especially organic acid, sodium cholate and some kinds of amino acids, and bilirubin dissolved into chloroform and then absorbed with alumina show the direct diazo reaction. In these cases the reaction with acid may be due to the lone electron-pair of nitrogen atom of basic pyrrolenine ring, and the conjugation may occur at propionic acid side chain except the case of absorption with alumina. Therefore, as for bilirubin, the general rule is obeyed that the methylene group becomes labile by the addition of atoms, groups of atoms or molecules to oxypyrromethene group which exists at both wings of methylene group of the molecule, and consequently the negative reaction for the diazo test turns to positive. However, the change of hydroxyl group of both ends of a-atom inhibits the diazo reaction. By the reduction by the addition of hydrogen atoms, bilirubin is transformed into dihydrobilirubin, mesobilirubin, dihydromesobilirubin and mesobilirubinogen, and by the addition of four atoms, it is transformed to sterobilirubinogen.
Compounds from dihydromesobilirubin
show the direct diazo reaction and are positive for the aldehyde reaction, and this case also fits for the general rule of the diazo reaction of bilirubin. Mesobilirubinogen and stercobilirubinogen are also called as urobilinogen and it is seen by the test with sodium nitroprusside and sodium 1, 2-naphthoquinone-4-sulfonate that the central methylene group of urobilinogen is activated. These reagents and aldehyde reagents compete for the active site of urobilinogen. Ehrlich's aldehyde reagent is p-dimethylaminobenzaldehyde hydrochloride and reacts only with the presence of hydrochloride.
At this reaction, p-dimethylaminobenzaldehyde hydrochloride condenses with the central methylene group of urobilinogen, which is oxidized to form urobilin, and products of the reaction show the chemical structure of conjugation of urobilin and p-quinone-type auxochrome group. The excess hydrochloride acts as condensation and oxidation.
As the result of the reaction, cblorless urobilinogen turned to ruby-like red one. The process of this reaction resembles to that of the synthesis of pigments of the triphenylmethane group, and the colors of which fade by the addition of acid or alkali and by the reduction. The discoloration is reversible and the fading color developes again to a some degree. The same phenomenonis observed in the products of aldehyde reaction of urobilinogen.
Another problem concerning direct and indirect bilirubins is a fact that the bilirubin excreted in urine of patients with jaundice largely shows the direct diazo reaction.
On the occasion of clarification of this reason, it is a question whether bilirubin excreted through the glomerulus or the renal tubule.
In order to find a solution for this question, the use of the kidney of toad which consists of the glomerular system and the portal vein system surrounding the renal tubules is recommended. The urine is excreted only whenthe both vascular systems are per fused simultaneously and bilirubin is found in the urine only when the portal vein system is per fused by the serum of a patient with jaundice. Therefore, it seems that, in man, bilirubin may be excreted through the renal tubules. Next, there arose a question whether bilirubin is a pigment or a dye. When the experiment of staining with bilirubin is performed, only protein fibers such as wool and silk are stained well accordance as the intensity of acidity of medium in indirect bilirubin and that of alkalinity in direct bilirubin. Consequently, indirect bilirubin is a acidic dye and direct bilirubin is a basic dye, and the former charges negative and the latter charges positive in the water solution. Both direct and indirect bilirubins are absorbed with albumin, and the protein is an amphoteric electrolyte and charges negative in the alkaline mediumand positive in the acidic medium. Albumin charges negative in the peripheral blood of pH 7.4, and the affinity with direct bilirubin charging positive as the basic dye is stronger than that of indirect bilirubin charging negative as the acidic dye and the most of bilirubin absorbed to proteins by deprotainization are direct bilirubin.
There is no proof to explain that the blood becomes acidic in the kidney, but considering a fact of the production of acidic urine of pH 6.4 from basic blood, a large amount of reabsorbed substances are considered to be basic. When a fact of the production of ammonia in the kidney is also considered, it is not difficult to assume that the process to control the acid-alkali equilibrium exists in the kidney. Assuming that pH of the renal blood moves toward acidic than that of the peripheral blood, albumin may charges positive and the order of affinities with direct and indirect bilirubins may become in contrary to that of the peripheral blood, direct bilirubin charging positive may be excreted from the renal tubules decreasing the affinity and indirect bilirubin charging negative may pass the kidney increasing the affinity with albumin. In a experiment of the per fused kidney of the toad, when the concentration of hydrogenic ion of the serum of a patient with jaundice is changed with buffered solution, a relatively large amount of direct bilirubin are excreted at the acidic site and that of indirect bilirubin is excreted at the basic site. The same phenomenon is also observed in patients with jaundice administered a large dose of ammoniumchloride or sodium bicarbonate. Whenthe concentration of hydrogen ion of the serum of a patientwith jaundiceis changed from the acidic site to the alkaline site by buffered solution, a quantitative curve of bilirubin in the supernatant solution of the deproteinized serum shows isosceles line with pH 7.0 as the central point, which shows that there exist two kinds of bilirubin wh-ich are different in the affinity with albumin according as concentrations of hydrogen ion of the medium.
In 1938, H. Fischer and H. Bock reported that when sodium metal complex of etioporphyrin dissolved in pyridine was exposed to strong light in the presence of atmospheric oxygen, an addition of oxygen occurred at a double bond between one methene group and a pyrrole nucleus and by the photo-chemical oxidation tetrapyrrotriene having formyl group at one and hydroxyl group on the other side was formed, and finally bilatriene etiobiliverdin was formed by replacing a formyl group by a hydroxyl group. In the following year, however, this report was cancelled by their following report describing that the structure of postulated intermediate pro- an explanation of process from the opening of protoporphyrin ring of hemeof hemoglobin to forming of bile pigments might be easy and it might be possible by a proof of the existence of formaldehyde in the solution of reaction. The study was carried out since 1957, and the existence of formaldehyde in the reaction mixture was proved by chromotropic acid. It is a problem for the study of enzymes what organ and what part of organ the administered hemoglobin distributes. When hemoglobin labelled with 55Fe is injected intravenously, the relative activity is highest in the liver and next in the kidney and increases with time, but the increase in the spleen is transient and hemoglobin seems not to be fixed in this organ.
In the experiment of autoradiography of intravenous injection of hemoglobin labelled with 59Fe, the radio activity appeared in the cell bodies of hepatic cells following only five minutes and the relative activity exceeded that of sinusoid, but hardly found in the star cells and the radio activity in the hepatic cells increased with time. In this experiment, it is necessary to administer hemoglobin in a very small amount because the distribution to various organs varies irregularly with the increase of dose which may be due to exhaustion of haptoglobin. Next, in order to know the distribution of enzyme to organs, the homogenates of various organs treated with washing repeatedly after bleeding were cultured as enzyme samples at an aerobic condition using pyridine-hemichromogen as substrate, and an intermediate product of bile pigments, formylbiliverdin-iron complex, was obtained. An enzymatic activity was found only in the soluble fraction of homogenate and was strongest in the liver and next in the kidney in which a activity was about half of that in the liver per g. wet weight, and the activity in the spleen was trace. This result is ingood agreement with the distribution of hemoglobin to various organs. Therefore, the acetone powders of the liver were used as a starting material in the purification of the Adult hemoglobin is susceptible to break down by the conjugation with haptoglobin, while fetal hemoglobin and myoglobin do not need that procedure. The reaction proceeds only at the aerobic condition and produces a single substance throughout the reaction, and at the end of reaction dark-green plate crystals showing over 300°C of melting point were obtained. The chloroform solution of the crystals is characterized by 657m.fji. of the maximumabsorption in visible absorption spectrum, a;pd shows an absorption which is fairly deeper than that of hemin at a wave number of 1,700 in ultrared absorption. It suggests the existence of newly established carbonyl group. The water solution of the crystal is unstable, and shows the aldehyde reaction with Schiff, Tollen and Benedict reagents. From this solution yellow plate or needle-like stable hydrazone crystallizes with 2, 4-dinitrophenylhydrazine. The aqueous solution is hydrolyzed with hydrochloric acid stoiehiometrically into biliverdin, iron and formaldehyde. Formaldehyde is also found in the reaction mixture, and the final product is a complex compound of formylbiliverdin and iron and carrier seems to coordinate to this compound. It became clear by manometry and polarography of vibrating platinum electrode that it needs two molecules of oxygen to break down a molecule of heme. From these facts, this enzyme was named for heme a-methenyl oxygenase and the enzyme which broke down formylbiliverdin into biliverdin and formaldehyde was named heme a-methenyl formylase. The enzyme requires tetrahydropteroylglutamate as co-factor. As for the decomposition of heme, besides enzymatic methods, there is a nonenzymatic method by interaction of hemochromogen, ascorbic acid and oxygen molecule based on studies of O. Warburg and E. Negelein in 1930. Several kinds of reaction products were fractionated by column chromatography. The main fraction was called verdohemichromogen, from which biliverdin was extracted, but a process of reaction and a structure of products are not yet clear. The investigation was also carried out on this problem mainly on a role of carriers of heme and behavior of iron during the chemical reaction and it seems that a protoporphyrin ring of heme of a final,product is open as in the case of enzymatic reaction. By the opening of ring, iron is susceptible to be free,and iron i.s released at first by.0.4% hydrochloric acid and then spontaneously. In order to separate iron from heme of hemoglobin, it needs 35% hydrochloric acid. The living body may open protoporphyrin rings at the decomposition of heme to facilitate the extraction of available iron and there is no great significance in b»ile pigment as a result of this reaction. In the enzymatic reaction, a single product is formed throughout the reaction, on the contrary, as the non-enzymatic reaction is a violent process, several vice-products are formed. They were separated and determined for their chemical structures, and they were assumed to be complex compounds between bilirubin, bilirhodin or a-dihydrobilirubin and trivalent iron hydroxide. There are two isomers of a-dihydrobilirubin iron complex which turn into bilirubin and biliviolin respectively, by release of iron. It may be sure that these compounds are hemosiderin considering their origin and chemical properties.
Bilifuscin of dipyrrole is also found among the final product and it belongs to physiological urine pigment as urochrom b.
The results of our studies and above-mentioned facts maybe roughly summerized as follows. Free hemoglobin from blood cells conjugate with haptoglobin, the physiological component of serum, and break down into biliverdin, iron and formaldehyde by the action of heme a-methenyl oxygenase and heme a-methenyl formylase as cases of fetal hemoglobin and myoglobin. Iron may return to the course of reutilization and formaldehyde may be used as a material of methylation and decomposes to give carbon monoxideand water or carbon dioxide and hydrogen via formic acid. Biliverdin is excreted without any transformation in some species of animal, but in man it is reduced to bilirubin which is excreted with bile in a form of ester or salt. In a case of jaundice, mainly direct bilirubin is excreted through the renal tubule owing to the acid-base equilibrium of blood, and bilirubin in part breaks down to propentdyopent of dipyrrole. The metabolism is carried out mainly in the hepatic cells. When observation were made on rabbits containing biliverdin and bilirubin in bile, an amount of biliverdin in the biliary fistula bile was always twice that of bilirubin and they were scarcely affected by the reticuloendothelium blockade. By the administration of carbon tetrachloride, biliverdin markedly decreased but bilirubin tended to increase compensately. It seems that the biliverdin is formed in the liver and bilirubin is formed out of the liver. Therefore, in rabbit, the ability of formation of bile pigments in the liver is twicethat of otherorgans. It is in good agreement with the result of the organ distribution of the enzyme. When materials exist in excess, hemosiderin is formed, and hemosiderin based on the waste red cells is generally found in the reticuloendothelial system and that based in the hemolytic jaundice is generally found in the hepatic cell bodies. Biliverdin and bilirubin excreted in the bile are scarcely absorbed and convert to dihydrobilirubin, mesobilirubin, dihydromesobilirubin and mesobilirubinogen successively and finally are reduced to stercobilirubinogen.
These intermediate products are detected by the control of intestinal flora by the administration of antibiotics. The hydrogen donor and the strain of bacteria involving in the reduction are not known. The reduction does not occur by the administration of E. coli alone. Besides reduction, some are subjected to saponification and urobilinogen exists in the cecum in a large amount. Urobilinogen is partly absorbed and then rapidly decomposes in the liver. This product may be possibly mesobilifuscin of dipyrrole, which is akin to bilifuscin that can be prepared in vitro and found in a cell bodyofaplanocyte at a site of bleeding. It appears to compose a part of physiological urine pigments as urochrom b. In urobilinogen, there are two types, dibasic acid and ester or salt type, both of which are extracted with ether but only the dibasic acid is transferred to chloroform. The secretion of urobilinogen from kidney seems no limit by the basicity and does not break down to propentdyopent. Metabolic pathways in the living body are essential for the body to maintain its life, and it is not possible that only one pathway plays a role. An importantthing is what is more physiological and what plays a main role. As for the metabolism of bile pigments, the same explanation maybe said.
